Introduction
Development of WDM systems used in telecommunication requires stable signal sources for single-and multichannel optical transmissions. Nowadays, semiconductor lasers are widely used. At the same time, since significant work by Snitzer [1] , rare earth doped fibre lasers and amplifiers have received considerable attention. Erbium-doped silica fibre lasers have been extensively studied for their potential use as sources in communication systems operating in the third communication window. Availability of fibre components like isolators, low insertion loss wavelength division multiplexers, and pigtailed high-power laser diodes made intense development of active fibre devices possible.
Discrete wavelength selection
In WDM systems, the channels are evenly spaced according to ITU standards. Thus, discretely tunable, single-frequency lasers should be tuned with appropriate spacing between wavelengths. One of the most attractive solutions is to use a fibre laser with an optical spectral filter like Fabry-Perot etalon [2] [3] [4] . Etalons are narrowband wavelength filters. They offer the advantages of low insertion loss, high transmission and low wavefront distortion. Insertion of a periodic filter into the cavity, combined with a tunable fibre Bragg grating along with an optical fibre circulator, makes discrete tuning of a ring laser possible (Fig. 1) . Fabry-Perot etalons are characterized by a free spectral range (FSR), the frequency separation between ad-jacent longitudinal modes. While amplified spontaneous emission (ASE) signal passes through the etalon, the multifrequency operation is acquired with separation between the peaks equal to the FSR value of the applied Fabry-Perot filter. When a wavelength, selected with the tunable fibre Bragg grating, overlaps spectrally one of the generated frequencies, the operating wavelength of the fibre laser is settled. Switching of the operating wavelength is performed by tuning the grating and an interval between successive wavelengths is determined by FSR value.
Fabry-Perot etalons are also characterized by finesse which indicates sharp extent of an interference stripe. Total finesse is given by a relation of FSR and full width at half maximum (FWHM) and is also dependent on reflectivity of the mirrors R [5] finesse FSR FWHM
The factor that affects finesse is also surface figure and parallelism.
Techniques of obtaining multiwavelength operation
Multiwavelength operation of rare earth doped fibre lasers is considered to find practical application in wide variety of devices, ranging from distributed sensing networks to light sources for WDM communications systems. Simultaneous oscillations of many wavelengths with application of the Fabry-Perot etalon are difficult to obtain due to homogeneous nature of line broadening of erbium ions in silica host. The absorption and emission transitions between Stark components in rare earth doped crystals at room temperature are usually observed as discrete lines. For silica hosts, such transition shapes can be obtained only at the temperatures close to absolute zero [6] . As a result, glass hosts are characterised by lower cross section (than crystalline) over a continuous range of wavelengths. For a homogeneous line broadening, one wavelength can interact with all ions with equal probability, thus, single signal wavelength can saturate the entire band. Consequently, strong competition effect between operating wavelengths occurs and the laser works at one peak or a few unstable lines. Among many techniques of avoiding homogeneous line broadening, two of them are the most significant. Line broadening is caused by temperature fluctuations of erbium ions in silica host [6] . Thus, Yamashita and Hotate presented that cooling of erbium-doped fibre with liquid nitrogen to 77°K reduces the broadened linewidth and makes stable, multiwavelength operation possible [7] . To obtain multifrequency operation, non-reflective Fabry-Perot etalon in a linear cavity was used. At a room temperature, they obtained oscillations at three discrete wavelengths with 0.8 nm separation, corresponding to a free spectrum range of the etalon. By placing the gain medium in liquid nitrogen, they managed to obtain seventeen oscillating wavelengths.
The second technique, of decreasing homogeneous line broadening influence, employs an acoustooptical frequency shifter (AOFS). Due to AOFS, light frequency is slightly shifted each round-trip along the cavity and the homogeneous line broadening is suppressed. This method is commonly used because multiwavelength operation in erbium-doped fibre ring laser can be obtained at a room temperature [8] [9] [10] [11] [12] .
In this paper we present discretely tunable fibre ring laser with the Fabry-Perot etalon and multiwavelength fibre ring laser with acoustooptical Bragg frequency shifter.
Experiments

Discretely tunable erbium-doped fibre ring laser
The basic configuration of EDF ring laser [ Fig. 2(a) ] consisted of an erbium-doped fibre with the ion concentration of 1.47×10 25 m -3 (Liekki LF1200), the pump power was loaded by 980/1550 nm wavelength division multiplexer from the laser diode (Lumics LU0980M200 -200 mW at 980 nm). The direction of oscillation was settled by the fibre optical isolator. The fibre coupler with 90:10 ratio was used as the output port (10% output). Selection of an operating wavelength was obtained by the tunable fibre Bragg grating connected to the fibre optical circulator. In this configuration, the wavelength was tuned continuously. To make tuning discrete, the Fabry-Perot etalon was placed into the cavity [ Fig. 2(b) During the experiments we used three Fabry-Perot etalons (CASIX) with different FSRs in order to change the wavelength switching intervals. Below, we present spectral characteristics of the applied periodical filters, Fig. 3 . The frequency separation between the adjacent peaks (50, 100, 200 GHz) was selected according to ITU standards to provide spacing between successive wavelengths equal to 0.4, 0.8, and 1.6 nm, respectively. The Fabry-Perot etalons used in our lasers are characterized by low finesse which can be estimated according to Eq. (1). For reflectivity of the mirrors equal to 40%, finesse is at the level of 3.3. To insert Fabry-Perot filters into the laser cavity, we used ThorLabs U-Bench collimators FB211-AFC. The insertion losses for 50 GHz and 100 GHz etalon are at the level of 2 dB. For etalon with FSR equal to 200 GHz, the losses exceeded 4 dB. The output spectra for continuous and discrete tuning of erbium-doped fibre ring lasers are demonstrated in Fig. 4 .
For each etalon we can observe stable and homogeneous output spectrum. Output power for a laser without the Fabry-Perot etalon [ Fig. 4(a) ] is equal to almost 2.5 mW. To show that tuning is continuous, spacing between wavelengths is random. Insertion of a periodic filter, with FSR equal to 50 GHz and 100 GHz, into the U-Bench collimators decreases the maximum output power to 2 mW. As mentioned before, the losses introduced by 200 GHz etalon exceed 4 dB, therefore the output power is at the level of 1.2 mW. Fibre Bragg grating and conse- quently the laser can be tuned in the range of 1545-1555 nm. Spacing between the wavelengths fulfils WDM systems' requirements. Below, we present an example of long term stability test results for a laser with 100 GHz Fabry-Perot etalon (Fig. 5) . We can see that wavelength stability is perfect and the laser's power fluctuations are less than 0.15 dBm. 
Multiwavelength erbium-doped fibre ring laser
Multiwavelength fibre ring laser configuration is presented below (Fig. 6 ). To overcome homogeneous line broadening phenomenon, the acoustooptical Bragg frequency shifter (AOFS) was used. The maleficent line broadening effect is suppressed by shifting light frequency for a constant value of each round-trip along the laser cavity. Active section of a laser consisted of erbium-doped Liekki LF1200 fibre pumped with 200 mW laser diode at 980 nm (Lumics LU0980M200). The Fabry-Perot etalons (CASIX) were used to force multiwavelength operation with the spacing between adjacent wavelengths consistent with WDM systems requirements. Figure 7 demonstrates the output spectra of multiwavelength erbium-doped fibre ring laser where a frequency shifter was on and off. We notice that the strong competition between wavelengths makes multifrequency operation impossible to obtain when AOFS was not operating. Output spectra are random, irregular, and highly fluctuating (left column of Fig. 7) .
The acoustooptical frequency shifter makes multiwavelength operation regular and stable for etalons with FSR equal to 50 GHz and 100 GHz. Output spectrum is more than 20 nm wide (1540-1560 nm), but its shape is weighed by erbium doped fibre gain characteristic. For the last filter [ Fig. 7(c) ], multiwavelength operation is unstable despite usage of acoustooptical frequency shifter. It may be caused by a wide transmission window (200 GHz) which leads to the possible competition between modes and switching to a different wavelength. Figure 8 nation, only one wavelength is selected and its wavelength and power stability were measured. We can see that for the etalons with FSR equal to 50 GHz and 100 GHz, the wavelength fluctuations are lower than 1 nm and the power changes are not higher than 1.5 dB. For the last filter (FSR = 200 GHz), the laser was not stable. The wavelength is changing in the range of 2 nm but the power fluctuations exceed 3 dB.
Conclusions
In this paper we presented a discretely tunable erbiumdoped fibre ring laser and a multiwavelength erbium-doped fibre ring laser. Experiments showed the way to achieve discrete tuning of the fibre laser with a switching interval consistent with WDM requirements. Also we confirmed that multichannel operation can be obtained using an acoustooptical frequency shifter.
